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ABSTRACT: A box model based on salinity distributions and freshwater inflow ements was developed and used
to estimate net non-tidal physical circulation and hydraulic residence times for Patuxent River estuary, Maryland, 5
tributary y of Chesapeake Bay. The box model relaxes the usual ption that salinity is at steadystate, an
important improvement over previous box model studies, yet it remains simple enough to have b a d appeal. Average

2-dimensional net non-tidal circulation and residence times for 19861995 are estishated and related to river

flow and salt water inflow as estimated by the box modd. An important result is that advective exchange at the estuary
mouth was not correlated with Patuxent River flow, most likely due to effects of offshore salinity changes in Chesapeake
Bay. The median residence time for freshwater entering at thehead of the estuary was 68 d and decreased hyperbohcally
with increasing river flow to 30 d during high flow. Estimates of residence times for down-estnary points of origin showed
that, from the head of t he estuary tO its mouth, control Of flushing changed from primarily river flow to other factors

regulating the intensity o gravitational circulation,

Introduction

The residence time Of weater is an important
physical control on ecological processes in estuar-
ies For example, Nixon et al. (1996) showed that
the fraction Of nitrogen inputs subsequently ex-
ported from an estuary decreased as residence
time incressed. Other papers a0 cite ecological
or geochemicd effects of residence time in esu-
aries (e'g., Monbet 1992; Paucot and Wollast 1991;
Muller et al. 1994), but the full potential of resi-
dence time asan explanatory variable in estuarine
ecology has most likely not been realized because
of the challenge O estimating it af the appropriate
tinie and space scales. This paper presents area-
soiably’ simple model that has been used to esti-
mate physical transport and spatially resolved res-
‘idence times for Patuxent River estuary, Maryland,

«at ameonthly time iisterval.
~ Because residence time has been defined in a
! variety of ways (e.g., Miller and McPherson 1991),
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one definition will be adopted here and will goply
to all subsequent referencesto resdencetime. Hy-
draulic resdence time is defined as the mean
amount 0f time a parcd of waer remainsin the
estuary onceit enters. Equivdently, resdencetime
ist he time required to reduce the total mass in the
estuary of an introduced puse of a conservative
materid by e, or 36.8%0f theoriginal tdd mass
Hydraulic resi dence time refers to the residence
time OF water, as opposed tO particles or dissolved
or sugpended materials in thewater.

Avariety of methods have been developed to es-
timate residence times for estuaries. Hydrodynam
ic smulation methodsarewell developed and pro-
vide the most information (e.g., resdence times,
water parcel age, transit times, transport process-
es). Vallino and Hopkinson (1998), usng severd
nodel s (including asalt balance model) and field
studies, provide a recent example of whet is oS-
sble, albeit in a |-dimensiond circulation. Unfor-
tunatdy, these complex models are often beyond
the cgpability of many ecologists and other envi-
ronmental scientists and managars. This is espe-



cially true where 2-dimensionda or 3-dimensional
representations of the circulation are required.
Sdt-balance approaches are rdaivdy smple tools
for ecologists that can yidd useful ecologicd in-
sights (Hagy 1996).

One advantage of sdt-badance modds is that
they have been applied to estuariesfor some time
and are reasonably wdl known. Pritchard (1960)
edimated residence time for Chincoteague Bay,
Maryland based on both intertidal volume and sat
baance, providing estimates of flushing time and
predicting the effectof closing an ocean inlet on
mean dinity. The popular but crude fraction-of-
freshwater method, reviewed by Dyer (1973), dso
providesa smple method of estimating residence
timesfor awhole esuary. Two mgor limitations of
these methodsare that spatidly resolved residence
times are not possble and that sdinity must be
assumed constant Thismakesthese metho  most
auitableto estimating long-term average residence
times Pilson (1985) used avariation of this meth-
od to edimate resdence times for Narragansett
Bay under avaiety o flow conditions, gatigicaly
relating residence times to river flow rate. Recog-
nizing and egimating the dependence of res-
dence time on river flow was an important step
forward, but the poor compliancewith the steady-
state assumption for sdinity mey have introduced
error. Asselin and Spaulding (1993) vaidated salt-
baance based estimates with tracer release exper-
imentsto estimate residence timesat differentriv-
er flow levds Such vdidation studies, also used by
Vdlino and Hopkinson (1998), are useful in com-
bination with modeling, but aren't dwayspractica
dueto cod or logidicd considerations. In addition,
dye studies cannot be used for retrogpectiveand-
yds Miller and McPherson (1991) made an im-
portant advance in application of salt-balance
methods to estimate residence time. They used a
singlelayer case of the box mode approach o Of-
ficer (1980) to etimate tidal digoerson in a shal-
low estuary, and then estimated residence timesby
simulation. Thisapproach provided the advantage
of spatidly resolved estimates of residence times,
including the potential to estimateresidencetimes
defined in avariety of ways. Their assumption that
tidal disperson at any point in the estu asin-
dependent of river flow dlowed them to predict
salinity distributions using the modedl, providing a
convenient means of validation, even for a retro-
gpectivesudy. Unfortunately, this approach cannot
be applied to a twolayer estuary where gravitation-
d circulation is not likdy a constant Miller and
McPherson (1991) addressed the problem of sat-
isfying the steady-dtate assumption by estimating
seedy-date sdinity profiles.

We estimate residence timesfor Patuxent River
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edtuary as a function of river flow. We use a box
modd and dynamicsmulationapproachsmilar to
Miller and McPherson (1991), but with severd im-
portant €laborations. The box modd utilizes a
mixed onelayer, twolayer box modd (Pritchard
1969; Officer 1980), asisappropriatefor apartialy
sratified estuary such as the Patuxent This per-
mits estimation of residence times as afunction of
both flow and point of origin (sensu Miller and
McPherson 1991). Our mode dso accounts for
both seasona changes in sdinity and multiple
freshwater sources, advancements in the gpplica
tion of box modds that have not been used else-
where.

Study Site

The Patuxent River estuary, Maryland, isan ide-
d dtefor this study because of the availability of a
long-term and spatidly resolved record of sdinity
collected by the Chesapeake By Water Quality
Monitoring Program (Fig. 1, Environmenta Pro-
tection Agency Chesapeake Bay Program Office).
The estuary is approximately 65 km in length, has
a mean-lowwater estuarine volume of 577 X 10°
m?® and asurface area of 126 X 10° m®. Ovea the
most seaward 45 km, the estuary averages 22 km
in width and 60 min depth (Cronin and Pritchard
1975). The tide has a mean range of 04 m near
Solomons, Maryland, and increases landward to
near 0.8 M (Boicourt and Sanford 1988). The wa
ter column isverticdly mixed in the upper estuary
and seasondly gratified in the lower estuary. The
area of the drainage basn above the fall line at
Bowie, Maryland, is 901 km?, accounting for 39%
of the tota watershed area (Environmenta Protec-
tion Agency 1998). Fdl line freshwater discharge
averaged 9.6 m? s7! during 1986-1995 (United
States Geologica Survey 1985--1996).

M ethods
THE Box MODEL

This sudy used amodification of the box mode
approach of Officer (1980) to estimate advective
and non-advective ((diffusonand dispersion) trans-
port. This method uses observed distributions of
sat, as a conservative tracer, knoan freshwater in-
puts, and estuarine geometry to estimate estuarine
exchange coefficients, which can then be used in
other caculaions. Two important assumptions of
Officer (1980) were relaxed, specifically, the es
sumptionsthat sdinity is at Seaedy-dateand that dl
freshwater enters at the head of the estuary. To
accommodate these changes, the time rate of
change of sdinity for each month was estimated
from the time series of dinity data. Freshwater in-
putsto each segment of the modd were estimated.
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Fig. 1. Mgp of Patuxent River, Maryland showing the loca-
tion within the Chesapeake Bay system, the locations of box
boundaries and the locationsof Chesapeake Bay Water Quality
Monitoring Program stations. Numbers next to box boundaries
indicate channel distancefrom the estuary mouth in kilometers.

The detailsof these cdculationsare provided be-
low under appropriate headings.

W& can use box model sto estimateadvective and
non-advective exchanges between a volume and
the surrounding environment (FHg. 2, upper pan-
el) by solving asystem of linear equationsdescrib-
ing thesdt and water baance. For the generic va-
umein Hg. 2, the equationfor sdt balanceis

Vds,-” _

dt

where the terms are defined as fdlows @, = naw
water advection into the control volume; Q,., =
advective transport out of the control volume; E=
non-advective exchange between the control va-
ume and the surroundingenvironment; s;, = sdin-
ity inside the control volume s,,, = salinity outside
the control volume and V= volume of the control

inSout Q,outsin + E(Sout - s~m) (1)
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Fig.2. A diagramdepictingthe saltand water exchangesfor
a generic control volume (upper panel) and for any box in a
mixed one-layer and two-layer estuarine box model (lower pan-
€el). For any particular box in the model, someof the exchanges
mey have zero or negativevaues

volume. Thevolumeisassumed to remain constant
at the time scdes of interest (i.e., sub-tidal or >1
wk). Because thewater bdance is Q;, = Q... EQ.
1 reducesto:

VEE QB = ) @)

This general case can be applied to each box in

amulti-box model for an estuary. The possible ex-

changes include horizontal advective and non-ad-

vective exchangesin two directions, vertica advec-

tive and non-advective exchanges, and freshwater
input (Fg. 2, lower pandl). The salt baanceis

d:
Vo (;;" = Q1S t QuuSn = QS T (s, — 5,)
F Eein(nt = 50) + B (et = 5]
(3)

and the water bdanceis

Q.m = Q,m~1 + va + Qm (4)
where the terms are defined as folows @Q,, = ad-
vective transport to the down-estuary box; Q,,., =
advective transport from the up-estuary box; Q,.,
= vertica advective transport into the boax: Q,, =
freshwater input into the box; E,_, ,, = non—m{sec-
tive exchange with the up-estuary box; E, ., =
non-advective exchange with the down-estuary
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Fig. 3. Schematicdiagramsof thebox model structur eshow-
ing the box boundaries, the exchange coefficients that were
estimated, and the model inputs. The estimated exchanges in-
clude ssaward advection (Q,), landward advection (Q’,,), verti-
cal advection (@Q,.), vertical diffusive exchange (£,,,), and hor-
izontal dispersion (Q,, ,).Inputsincluded thevolume in each
box (V,,and V'.), concentration of salt for each box (s, Or sk,
river flow (@), the input of freshwater to each box (Qz.), and
the salinity at the seaward boundary (s%). The sll noted at the
boundary of box 1 and box 2 terminatesthe landward flow in
the bottom layer, forcing the water into the surface layer.

box; E,, = verticad non-advective exchange; s, =
salinity in the box; s,_; = salinity in the up-estuary
box; s,., = sdinity in the down-estuary box; s, =
salinity in the verticaly adjacent box; and V,, = vol-
ume of the box

If dl horizontal and vertical advective and non-
advective terms in Eq. 3 were included, there
would be 32 exchange coefficients to determine
from these 22 equations and the sysemwould be
under-determined and unsolvable. In order to
make the sysem solvable, we have assumed that
horizontal non-advective exchange (longitudinal
disperson) is negligible compared to horizontal
advective exchange in the region of the estuary
where there is a well-developed two-layer gravita
tiond circulation (boxes 2-6; Hg 3). Thisassump-
tion isdiscussed later, whereit is shown to be quite
reasonablefor the Patuxent River. |t eliminates 10
exchange coefficientsand dlowsready solution o
thesysem of equations. Simplifying the model, the
sdt balance equation (Eq. 3) for surfacelayer box
4 reducesto
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ds, . ;
V;: = Qs + Quasi — Qusy + Eu(si — 5)  (5)

Box 1 represents a onelayer trandition area be
tween theriver and theestuary. Advective and non-
advective exchanges between the bottom layer of
box 2 and box 1 were assumed to be zero due to
the presence d adll (Fg. 8). In the absence of
thissill, it would be necessary to assumeardation-
ship between the surface and bottom layer ex-
changesat the transition from one-layer to two-lay-
er regions of the model as described by Officer
(1980). Bax 1 has non-zero sdinity due to disper-
son but not through two-ayer circulation. Equar
tion 8 for box |, reducesto

ds
Vo, = Bl = s) — Qs (6)

Our box modd structure is extended beyond
Officer’s (1980) equations to permit time-variable
sdinty and inputs of freshwater into each box. For
example, Officer’s Eq. (49) for scaward advection

m (iS- .
Shy S+ 0, V= + , V|—=+
( 1[]_21 Qi+t Q - Tdt )é; i at
Qm = !

Sitd. = 8y

+

)

where @, is the river discharge at the head of the
estuary and @ is the indexed value of Qs defined
& dbove. V. is the volume of bottom layer box j
and the other termsare asdefined above Officer’s

Eg. (44), which yidds landward advection, be-
comes

Qm=m—2%+@ (8)
£

Equation 7 contains additiond t er ns on theright-
hand-side in the numerator describing the change
in sinity through time. Additiond summation
terms appear in both Egs. 7 and 8 to account for
freshwater inputs to each segment o the esdtuary.

The box mode equations can be solved usi ng
only two equations at a time. Thi s allows closed
expressonsfor the modd solution to be derived,
avertingthe needfor amatrix gpproach. The mod-
el can be computed using a spreadsheet or smple
computer program (Wwe used the latter). For ex-
ample, vertica advective exchangecan be caculat-
ed by

va = Q,’m'*-l - Q’m (q)

an expression thet arises directly from the water
balance equation for any bottomlayer box Vertica
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non-advective exchange (E,,,) is obtained by solv-
ing Eq. 5 and tekestheform

ds '
(V;f—(_;tﬂ + Qmsm - Qm—lsm—l - vasm)

= (10)

= S8,

Similar expressonsmey be derived for the remain-
ing exchange coefficients, but they are not pre-
sented herefor brevity.

Box MoDEL DATA REQUIREMENTS

The above equations require four types of in-
puts. These are box volumes (V, and V,,), fresh-
water input rates(Q and 20), sdinity distribu-
tions (s, and ), and ratesd sdinity change (ds,,/
dt and ds,,/dt). Box volumes were obtained from
Cronin and Pritchard (1975). Freshwater inputs
(Qs), Hinity distributions, and rates of sdinity
change were estimated as described bdow.

WATER BUDGET

Edimates of freshwater inputs were made pri-
marily on the bass of daly Pauxent River dis
charge measurementsat the United States Geolog-
ica Survey gauging dation at Bowie Maryland.
This provided agood estimateof freshwater inputs
from 39% of the watershed.

Water inputs from ungauged areaswere estimeat-
ed by caculating the water yidd per area of the
gauged watershed, then multiplying a fraction of
that by the area of ungauged watershed. The frac-
tion, L, in Eq 11 reflects the fact that the water
yidd per area of ungauged watershed mey not be
exactly equal to the water yidd of the gauged wa
tershed due to hydrologica differences caused by
topography, geology, and land-use (Environmenta
Protection Agancy 1998). Water yidd for the un-
gauged watershed was caculated for each month
using
E(Qc + Qr + Quw)

A

where Y is the water yidd per area of watershed,
Q. is the meesured discharge rate a the Bowie,
Maryland gauge, @ is the net storagerate of water
in reservoirs, Q,w is the rate of water withdrawd
for municipal use, A is the watershed area above
the gauge, and k scdes to appropriate units.
Monthly averagevauesfor Q. were obtained from
arecord of month-end water levdsin the Triadel-
phia and T. Howard Duckett resarvoirs (United
States Geologicd Survey 1985-1996). Vdues for
Q wWere obtained from monthly municipal water
withdrawal records (United States Geologica Sur-
vey 1985-1996).

Y=L

(11

An estimate of the lower watershedyidd reative
to that of the upper watershed (L in Eq. 11) wes
obtained by comparing monthly averaged water
yiddsfor 1989, 1992, and 1993 for the gauged por-
tion of the Patuxent watershed with concurrent
yieddsfrom the Killpeck Creek and Hunting Creek
watersheds. These smdl gauged watershedsare in
the lower Patuxent River watershed.

Edimates of direct water inputsto the water sur -
face wae made usng precipitation data for the
Lower Southern Didtrict and pan evaporationmese:
surementsfor Upper Marlboro, Maryland (Nation-
a Oceanic and Atmospheric Administration 1986—
1996). Evaporation rateswere averaged by month
across years because the datawere rd aively sparse
and interannual differenceswere smdl. Water sur-
face areas were obtained from Cronin and Prit-
chard (1975).

Freshwater input to each segment of the estuary
(F=R T P - E) was caculated as the sum o
runof f from the watershed (R) and direct precip-
itation to the water surface (P minus evagporation
from the water surface (E). Since the gauged flow
includes groundwater inputs above the fall line,
these inputs were implicitly included in the input
egtimates for ungauged areas, however, this is an
area of some uncertainty. Each of theserateswere
multiplied by either watershed areain the case of
R, or water surface areain the case of Pand E to
obtain the monthly freshwater input rate for each
box.

SALINITY DISTRIBUTIONS AND CHANGES IN SALINITY

SHinity data were obtained at 3 m depth inter-
vds at 9-stationslocated aong the mai n channel
of the estuary usng a vaiety of multi-probe (i.e.,
CTD) instruments (Environmental Protection
Agency 1992; FHg. 1). Sampling occurred monthly
during December through February and bivweskly
otherwise. To cdculate the volume mean sdinity
(sensu Pritchard 1960) for each box, the datawere
interpolated using a quadrant-search linear inter-
polation agorithm adapted from Bahner et al.
(1991) and Reynolds and Bahner (1989). Thein-
terpolated grid has477 cdls each 1.85 km (1 nau-
tica mile) inlength, 1 min vertica thickness, and
extending thewidth of the estuary. The volume of
each grid cdl at mean low tide wes obtained from
Cronin and Pritchard(1975). Contour plotsof the
interpolated datawere used to scan for poor inter-
polation or data problems. Meen sdinity, weghted
by cdl volume, for eech o the modd boxes was
caculated from the gridded data for each cruise
in thetimeseries. The timerate o change of sa
linity (ds,/dt and ds’,./ df) for each month cd-
culated by difference from the time series of mean
inity.

wv




RESIDENCE TIME CALCULATIONS

Residence time caculations ware made using
the box modd-derived estimatesof the net (non-
tidal) circulation in a numerical simulation exactly
in the manner of Miller and McPherson (1991).
This sSmulation folows movement of a conserva-
tive, dissolved tracer material introduced in asn-
gle pulse During the smulation, dl wae ex-
changed at the mouth of the estuary and d| river
inputs had no tracer. The residence time was cal-
culated as the time required to reduce the massof
tracer in the entire estuary to e~! times theinitia
mass. Exchange coefficients were held constant
through the ssmulationso that estimatedresidence
times could be unambiguously related to initial
conditionsat the time of pulseintroduction. Thus,
aresdence time of 70 d might be computed even
though the circulation regime never perssts un-
changed for 70 d. At each time step in the Smu-
lation, the changein amount of tracer present in
each surface layer box was caculated as

de
Vot = Rttt + Qo + Eunl6 — )

+ Em—l,m(cm——l - (:m) - Em,m+](cm - Cm+1)
¢ (12)

with appropriately defined exchange coefficients
estimated from measured sdinity distributions as
described above The same expression for any bot-
tom layer box is

de,
= ’ ’ - ro_ ror
‘fr’n dt - Qm+l(’lm+1 Q,zrmcm mOm

= Epn(tn = €) (13)

In BEgs 12 and 13, ¢, ¢,-1, and ¢, are the tracer
concentrationsin surface layer box m, m — 1, and
m T+ 1, respectively- Following convention, ¢, and
e,y are identically defined, but for bottom layer
boxes Resdence time caculationsutilized atime
step of 1 h and Euler integration, which was suf-
ficient to reduce error to negligiblelevels accord-
ing to test smulations run using considerably
shorter time steps.

Smulationswereinitiated with a unit concentra-
tion of tracer in one or more boxes and zero con-
centration in dl other boxes It was assumed that
once the tracer left the Patuxent River estuary,
nonedf it returned (i.e., new water has concentra-
tion = 0). The rdativdy large volume and strong
circulation of Chesapeake Bay, the body intowhich
the Patuxent River estuary discharges, judtifiesths
assumption. Sanford et d. (1992) describe a meth-
od for relaxing this assumption. Simulationswere
terminated when the total mass of tracer materia
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remaining in theentireestuary was reduced by e~!
Resdencetime, T, is the time twhere

6 6
(Z Vit + V,;,,.)
=2 =T

m=1 m

6

6
= *‘(Z Vit + Vmc,',.) (14)
= =0

m=]

Since the tracer vigs added in apulse only at the
beginning of the smulation (i.e., at ¢ = 0), the
residence times are cdled pulse residence times.
Severd types of resdence times were defined ac-
cordingto the box or h e sintowhich theinitial
pulse was introduced.

If the smulated tracer wes introduced only at
the head of the estuary (e.g., box 1), theestimated
residence time was defined as the pulse resdence
time for freshwater, or PRT,. This calculation is
andogous to the freshwater replacement time cd-
culated udng the fraction-of-freshwater method
(Dyer 1973), but our calculation does not assume
steady-state salinity. If the substancewasintroduced
uniformly throughout the estuary, the estuarine
residence time, or BRT, was obtained. Other pulse
residence times, PRT,,, were caculated by intro-
ducing the smulated conservative substance into
each surface layer box m of the modd. Thissm-
ulation method and the definitions o the res-
dence time terminology are adapted from Miller
and McPherson (1991). Residence timeswere cd-
culated for eech month of the 19861995 average
year and for each individual month through the
same period.

For comparison, the rdativey wdl known frac-
tion o freshwater method (Dyer 197.3) was used
to calculated freshwater replacement time (FRT),
a steady-state estimator of residencetime. FRT was
caculated as

S—8S\V
FRT = |——)— 15
( Se )Qf 1
where §, is the dinity at theseaward marginof the
estuary, S, is the average dinity within the estuary,
Vis the tota volume of the estuary, and Q, is the
totd freshwater i nput
Hyperbalic functions were used to predict res-
dence times as a function of both river flow and
seawater inflow. This multiple regresson mode
has theform

5.77(108)

T= o 2640060, + 0y

(16)

The constant in the numerator is the volume o
Patuxent estuary (m?), while 86,400 isthe number
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TABLE 1. Inputsto the 1986-1995 mean water budget for Patuxent River. Water yield for the upper watershed (A) was calculated
according to Eq. 11. Water yield for the lower watershed was assumed to be 70% of A. Precipitation (B) is from National Oceanic
and Atmospheric Administration (1987-1996). Evapor ation (C) is average evaporation by month from National Oceanic and Atmo-
spheric Adminigtration (1987-1996) with December t hr ough March valuesinferred from the April through November observations.
Ungauged freshwater inputswere calculated as A{0.70)E + F(B — C). The freshwater input to box 1 also includes the gauged flow
(D) at Bowie, Maryland.

A. Upper B. Precipi- C. Evapora- D Flow-

Total Freshwater Inputs (m* S-')
Runoff tation tion Gauged

Nont h (mm d-) (MM d-) (mmd?) (m's)  Box1l Box 2 Box 3 Box 4 Box 5 Box 6

Jan 1.40 2.87 0.40 12.2 222 1.7 1.9 19 1.6 12
Feb 1.34 2.48 0.40 11.3 209 16 1.7 17 14 11
Ma 191 3.74 1.64 171 30.7 20 2.2 21 18 14
Apr 144 256 3.66 133 233 10 09 0.7 0.6 03
May 144 3.10 4.46 129 229 09 0.8 0.7 05 03
Jun 087 295 5.36 75 134 0.2 0.0 -0.1 -0.1 -0.2
Jul 069 36 5.32 58 105 02 01 00 60 01
Aug 057 308 4.36 52 91 04 01 0.0 00 -0.1
Sep 057 349 339 49 89 05 05 05 04 0.3
Oct 064 264 2.62 59 104 05 05 05 04 03
Nov 1.08 280 1.73 87 16.4 11 12 1.2 10 0.7
Dec 1.26 280 0.82 10.3 19.3 15 1.6 16 1.3 11
E Watershed A ea (km?)—ungauged 867 104 102 94 78 54

F. Water Surface Area (km?) 7 18 26 28 24 2

of secondsm 1 d. These values meke band ¢ un-
itless quantities. Univariate modelsinvolving only
Q, or @, were d=o fitted to the PRT; and ERT
egimates to Smplify graphical presentationand to
illustrate goodness-of-fit, Snce the meaning of the
coefficient of determination (r?) isuncertain for a
non-linear modd (Kvalseth 1985). The model re-
lating PRT, to @, was fitted usng iteratively re-
weighted least squares (IRLS) regression (SAS In-
stitute, Inc. 1990), a regression technique that is
resistant to outliers.

Resaults
‘WATER BUDGET

For the 1986-1995 period, water wasretained in
reservoirsfrom November through May at a mean
rate of 0.67 m® s~ and rel eased fromJune through
October at a mean rate of 093 m? s~1. Gauged
flore at Bowie, Maryland, were reduced by an ar~
eragediversonaof 1.89 m3s~! of water to municipal
water supplies at Laurel, Maryland. Correcting for
these effects according to Eq. 11, and making cal-
culations as described above, freshwater inputs
from the upper watershed to box 1 (Fg. 3) were
egimated (Table 1). Freshwater inputs for the
1986-1995 averageyear ranged kom ahigh of 47.6
me st in Marchto alow of 114 m? s~ in August.

The comparisonadf water yidd from the Killpeck
Creek and Hunting Creek watershedswith t he up-
per Patuxent watershed showed that the smaller
watershedsddivered Z7% lessyidd t hen the upper
Patuxent watershed. These sandl gauged water-
sheds are the only direct measurements of water
yidd from the lower Patuxent watershed, which
has lower topographic relief, more forest cover,

and less urban areas than the upper watershed. To
evauate the above figure as an estimateof thewa
ter yidd for the lower watershed as compared to
the upper (L in Eq. |1), we compared the long-
term mean water yidd of the lower estuary eti-
mated by the Chesapeake Bay Program Watershed
Modd to our caculaions for the gauged upper
watershed (Environmental Protection Agency
1998; Linker et al. 1999). This comparisonfound
that the average water yidd for the lower water-
shed was 69% of that for the upper watershed.
Thus, we assumed that the water yidd of the lower
watershedwas 70%d that for the upper watershed
for the purpose of water budget caculations.

Freshwater inputs to the head of the estuary
(box 1; Fig. 1) dominated the water budget
throughout the year (Table1). Duringwinter and
spring, thisinput ves 20-30 nPs~! and contributed
about 75% of the totd inputs. Through summer,
it dropped to 10-15 m?® s~ but contributed up to
100% of the totd freshwater input During June
andduly, evgporation from the broad lower estuary
exceeded direct precipitation plus diffuse runoff
into thelower estuary (Tablel).

Totd freshwater input during the 1986-1995 ar~
erageyear rangedfrom9.3 m® s~! in Augud to 40.2
mé s7 in Mar ch (Table1). For individua months
during 1986-1996, the range in freshwater input
was 0.6m® s7! in August 1987 to 887 m?® s~! during
March 1994 floods.

LONG-TERM MEAN SEASONAL CIRCULATION
PATTERNS

Edimates of the advective and non-advective ex-
change coefficients were made for each month of
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Fig. 4. Exchange coefficientsestimated Fo' the 1986-1995 average year. Freshwater inflow to box 1 (Q, T Q) isequal to @,
March, April and December estimatesfor Q 4 were omitted because they are negativeand cannot be plotted on rhe log sca e.

the 19861995 average year (Fig. 4) and for each
month from 1986-1995. Regular seasond and spa
tid patternswere apparent in the ssaward advec-
tive flows (Q;, Qs, ... Qs), while more varied pet-
ternswere evident in vertica advection (Q,, @ .,
... Q) and non-advective exchanges (Eyy, Eyp, Ea,
... Eg Hg 4). Maximum ssaward advective flow
in the upper and middle estuary (2, Q,, Qs, Q)
occurred during December through March when
freshwater inputs were greatest, even though max-
imum advectionin thelower estuary () occurred
during late summer and early fall. Maximum land-
wad advection into the lower estuary dso oc-
curred during late summer and early fal. There
was no correlation between landward advection at
theest uary mouth () and freshwater inflow. Va-
ticd advection was essentiadly constant through the
yearin boxes2and 3(Q, Q.). Maximum vertical
advection in box 4 (Q.,) occurred during winter
and spring, whilein box 6, vertical advection ((J )
was highest in fall and lower in winter and spring,
with negative vaues (2, < Q) occurringin April
and December. Non-advective vertical exchange
coefficients (E,,) were essatidly constant

throughout the annual cycle in box 2 (E,). For
boxes 3 and 4, non-advective exchangecoefficients
(Es, E,) were gradudly decre ed into summer
and increased agai n in fall, indicating the effects
of strong summer dratification and gradua wesk-
ening into fall. Veaticd non-advective exchangein
boxes 5 and 6 increased abruptly intofall, indicat-
ing a more sudden mrnover of the water column
(Fig. 4). Since vaticad gradientsin dissolved ma
terials are weskened by this strong vertica mixing,
the associated vertica trangport, or the product of
the exchange coefficient and the concentration
difference across the wwo layers, is not as large as
suggested by the coefficient alone.

RESIDENCE TIMES

Specific box residence times increased approxi-
mat el y linearly with distance from the estuary
mouth (Fg. 5). The median residence time for
freshwater (PRT;) was68 d. The median residence
ti me for the most seaward box was only 6 d. The
median estuarine residence time, or ERT (Miller
and MacPherson 1991), was 25 d.

The magnitude of all the resdence times that
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Fg.5. Thedistributionsof pulsedresidencetimes(PRT) for
the Patuxent River estuary during 1986-1995. The boxes and
whiskers represent the 10%, 2§, 50'%, 75%, and 90% percentiles.
The black dots show the 5* and 95" percentiles.

were estimated were strongly predicted by either
freshwater inflow (Q,), seawater inflow at the
mouth o the estuary (Q'.), or a combination of
both. Sincet hese two flows were not wdl correlat-
ed, it was possibleto observe which residencetimes
depended more on which flow terms. PRT; was
wdl predictedby @, done (Fg. 6) with theexcep-
tion of saverd extreme outliers. ERT was better
predicted by Q’,, done (Fg. 7). A multiplenonlin-
ear regresson includingboth flow t er ns (Eq. 16)
illustrated down-estuary changes in the relation-
ship o flushing processesto river flow and seava
ter inflow (Fg. 8). The top pandl in Hg. 8 shows
predicted asymptotic residence times as both river
flow and seawater inflow become very large. As-
ymptotic residence time was smaller for down-es-
tuary boxes than for up-estuary boxes Residence
time was wdl correlated with river flow from the
head o the estuary down to box 4, but PRT; and
PRT; were essentidly unrelated to river flow (Fg.
8, middle panel). The dependence of flushing pro-
cesses on seawater inflow increased exponentialy
as the location of tracer release moved ssaward
(Fg. 8, bottom panel). Estuarine residence time
(ERT) depended approximately equally upon river
flow and seawater inflow in thisad ysi s.

There were large seasond  differences between
freshwater replacement time (FRT), the resdence
timefor which steady-state salinity isassumed, and
PRT,, the similarly defined residence time for
which this assumption is relaxed. FRT was up to
3Pohigher t han PRT;; duringJune through Sep-
tember, 256-39% less than PRT; from November
through April, and agpproximately equa in May
and October (FHg. 9). Annua means of the wo
residencetimes were nearly identical . Seasond dif-
ferences between FRT and PRT; were rdlated to,

25 F e ) s
o0 o
200} pr, = 4 g STI00)
° 84005441470 )

PRT,
Pulse Residence Time, Freshwater (Days)

0 [+ Y " i 1 L 5
0 10 20 30 49 50 1] 70
Q,(m's”)

Fg, 6. Therelationship betweenthe residencetime of fresh-
water calculated for each month during 1986 to 1995 and fresh-
water inflow at the head of the estuary. For comparison, the
residence timesfor each month of the 1986-1995 average year
(long-term mean months) were dso plotted. The regression
line was fitted using iteratively re-weighted (robust) regression
(SAS Institute, Inc. 1990). A small number of values were wdl
outside the cluster of observations,illustrating the need for ei-
ther arobust regression procedure of the type that was used or
application of an outlier rejection criterion. Box and whisker
plots show the distribution of river flow and residencetime.

100 |

577(10%
ERT « 10 g 0003 +1.130%,)
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Fg. 7. The relationship between estuarine residence time
and saline inflow to the mouth of the estuary calculated for
each month during 1986 to 1995. For comparison, each month
of the 1986-1995 average year is aso plotted. The regression
line wasfitted non-linear least-squares regression. Box and whis-
ker plotsshow the distribution of river flow and residencetime.
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Vg. 8 Modd parameter estimates (+8E) for hyperbolic
models relating residence times for Patuxent River estuary to
freshwater inflow and seawater inflow. The regresson models
areof theform T = a+ 5.77(10%) = 86,400(6Q, + ¢Q’,) Where
Tisresidencetimeindays, Q, isriver flowin m®s-! and Q4 is
theseawater inflowin m® s~ The parameter ahas unitsof days,
while band ¢ are unitless quantities.
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but not perfectly predicted by, the seasond chang-
esin sdinity of Patuxent River water. When inity
was increasing, FRT was higher than PRT while
the opposite was truewhen sainity wesdecreasing.
FRT was neaxly the same as PRT,; during May and
October when salinity changed only dightly (Fig.
9).
Discusson

The box modd constructed for the Patuxent
River estuary wasasmple, effectivewey to estimate
bulk water transport and residence times over sear
sonal time scaesat different times of theyear and
at different levds of river flow. Rdaxing the com-
monly made assumption that sali nity remains con-
stant dlowed the modd to reved independent dy-
namicsof river flow and .dine inflowat the estuary
mouth (Fig. 4). The result wa. that the modd
showed that circulation in the lower basn o the
estuary and therefore residence timewasnearly in-
dependent of river flow. This may explain thein-
dependence from river flow observed for water
qudity in the lower basn of the etuary (Hagy
1996).

The detailed hydrologica data that were avail-

Estimation of Hydraulic Residence Times 337

-
-]

(8 ) 1p/sp A

PO S R SO, e P TRy )
Jan Feb Mar Apr Msy Jun Jul Aug Sep Oct Nov Dec
Month

Fig. 9. Pulsed residence times for freshwater (PRT,) and
freshwater replacement times (FRT) for Patuxent River estuary,
the latter of which is calculated using the fraction-of-freshwater
method (Dyer 1973). The estimatesare for the 1986-1995 av-
erage year. Therate of change of st soragein the estuary is
plotted below.
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able undoubtedly improved the esimatesof fresh-
water inputs, especially ungauged flonvs Thiswas
important for the Patuxent River estuary because
freshwater inputs bdow the fall line accounted for
43-61% of the total freshwater inputs (Teble 1).
The chalenge of estimating these flows may be
greater in lagoons (e.g., Chincoteague Bay, Mary-
land; Pritchard 1960) or smaller in estuaries dom-
inated by large rivers (e.g., Columbia Rive, Wash
ington). Correct accounting for water diversonsto
municipal water suppliesand regulation of flow by
dams was important for accuratdly caculatingthe
runoff rates needed to estimate ungauged flows
For example, the municipa water diverson during
August was equal to 39% of the observed fall line
discharge, 31% of which was due to dam releases.
Smith et al. (1991) found similar artificial controls
on the hydrology of the Tomales By watershed.
Because of the prevdence of water regulation,
some attention to detail may be required to con-
struct accuratewater budgetsfor box modds

Direct precipitation and evaporationwere a rd-
aivdy samdl component of the water budget be-
cause the Patuxent River watershed areaiis17 times
the water surface area (Table 1). Groundwater in-
putswere not directly estimated, but were implic-
itly included in the runoff rates because ground-
water feeds the gauged portion of the river from
which the runoff rateswere calculated. For certain
other estuaries, esdimates of groundwater input
rates might be importantfor constructing a water
budget for a box modd.

Compared to freshwater inputs, sdinity is eesly
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quantified given appropriatedata. While datafrom
asingle cruise is aufficient to support a rudimen-
tary box modd caculation (e.g., Taft et al. 1978),
important advantageswere gained from the avall-
ability of long and detailed sdinity records. The
goatidly dense array of salinity data (Fg. 1) per-
mitted interpol ation and therefore more accurate
egimation of average salinity. The spatial resolu-
tion of the sdinity data dso permits good spatial
resolution in the model. if veary hi gh resolution
goatiad data are available, the spatial resol ution of
the box model will be limited by the numerical
stability of calculationswhich decreases as the dif-
ferences between the dinity in adjacent boxesde-
creeses. Good dat a on the physcd dimensionsof
Patuxent River (Cronin and Pritchard 1975) were
needed for proper ca culationof mean salinity and
for calculating time-variable sdinity terms (i.e., Eq.
7). At a minimum, some idea of seasonal changes
in sdinity isneeded to esimate therate of change
of dinity. Thissudy shows that when such chang-
es occur, neglecting them can lead to substantia
erors.

The box mode reproduced essentia features of
the 2-layer gravitational circulation typical of coast-
d plan or drowned river valey estuaries as re-
viewved by Dey et d. (1989). Specifically, an ap-
proximatdly 20-fold down-estuary amplification of
seaward advectivetransport was associ ated with ver-
tica inputs of water to the surface layer from the
landward-flowing bottom layer (Fg 4). Diffusive
exchangealong the pycnocline tended to belower
in the summer than in other months, especidlyin
the lower estuary, reflecting strong seasonal strati-
fication (Fg. 4). An encouraging aspect of the
mode resultsis the sensible and apparently red-
igic results obtained from such a simple modd.
Dividing the surfaceand bottom layer transportfor
May-June1986 by the respective cross-sectiond ar-
essyidds net current vdocitiesdf 5.5 am s7! and
5.7 ¢ ms™, repectivdy. Net non-tidd current ve
locitiesof 55 cms™ and 60 ¢ ms™! were obtained
by time-averaging acoustic Doppler current profil-
er (ADCP) reaults obtained for the same period
(Boicourtand Sanford 1988). Given the uncertain-
tiesinherent in this comparison (see Hagy 1996)
and the vastly different methods involved in gen-
erating the estimates, this similarity provides are-
assuring independent vdidation of the box model
results. This comparison aso suggests that our as-
sumption regardingadvective transportversustidd
dispersion is not grossly in error, at least for this
May-1ne 1986 period.

Further justificationfor our neglect o horizon-
tal non-advectiveexchangesin the middleand lon-
er estuary mey be derived by referring to argu-
ments presentedin Fischer etd. (1979). They sate

that non-advective exchangein the direction of a
mean flow may be neglected in comparison to ad-
vection by the mean flow when the time scale of
interestismuch longer than 2D/ 4%, where Disthe
longitudinal disperson coefficient and = is the
mean flow speed. We are aware of no direct edti-
mates of D for the Patixent River estuary, but H-
scher etd. (1979) quote estimatesfor the adjacent
Potomac River estuary from two sourcesin their
Table 72 These estimates range between 20-100
m? s~1, Wi ch, when combined with the above es
timate d gpproximatdy 006 m st for u, yidd a
limiting time scde of 3-15 h. In other words, lon-
gitudina disperson islikdly to beimportant at and
bdow tida time scdes, but for the monthly time
scades of interest here it should be negligible in
comparison to advection by the gravitationda cir-
culation. Another indication o the relativeimpor-
tance of advective and non-advective exchange is
the mass transfer Peclet number, which istheratio
of advective transport to dispersve transport de-
fined in thiscase by uL/D where L is the longitu-
dinal length scale of interest Usng L = 9 km as
the average axid distance between-the centers of
adjacent boxesand the ssame edimatesof « aad D,
we obtain Pedlet numbers of 5-27, indicating the
dominance of horizontal advective exchang due
to the 2-layer gravitationd circulation in the mid
dle and lower Patuxent River estuary.

An intriguingresult of the box modd isthat the
enhancement of gravitationd circulation expected
when river flow increeses was not observed. The
landward bottom-layer inflow from Chesapeake
Bey () was uncorrelated with freshwater inputs.
The highest vdues of sometimes occurred
when @, was low (FHg. 4). While the box model is
not based on hydrodynamic principles, the results
appear to reflect complex estuary-subestuary i nter-
actions. An increasein river flow decreases dinity,
usual |y intensifying the sdinity gradient and in-
creasing the longitudina pressure gradient This
leeds to acceleration of the gravitationd circula
tion until the pressure gradient force is balanced,
largdly by friction in asnal | estuary. However,since
the Patuxent River estuary isasub-estuary of Ches-
apeake Bay, decreases in sdinity at the Patuxent
River estuary mouth mey be caused by increasesin
Susquebhanna River flow. This reduces the sdinity
gradient acrossthe mouth of Patuxent River. In the
upper Chesgpeake By, such estuary-subestuaryin-
teractionsare even stronger and can cause reverse
estuarine circulation and 3-layer circulationin the
tributary estuaries (Chao et al. 1996). Three-layer
circulation has been reported at the mouth of Pa
tuxent River by Boicourt and Sanford (1988),
mostly during December and April. Since the box
model wes structured for the more typical 2-layer
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estuarine circulation, it cannot accurately repre-
sent the circulation when these circulation pet-
terns occur. This type of circulation mey explain
why Qg was lessthan Q; (December) and even Q
(April) in the average year circulation estimates
(FHg. 4). Importantly, if the timevariable salinity
terms are neglected, estimated up-bay circulation
is proportional to freshwater inputsand the modd
fails to reflect these more complex circulation pat-
terns.

The residence time for freshwater (PRT;) had a
median val ue of 68 d, a moderate to long res-
dence time compared to other estuaries. Columbia
Rive, Washington, isflushedin 1 to 2 d due to a
very high flow rate (Nixon et d. 1996). Chinco-
teague Bay, Maryland, isflushed in 10-20 d largely
by tida exchange (Pritchard 1960). In contragt,
Chesapeake Bay, Maryland (Nixon et d. 1996) and
Guadalupe Estuary, Texas (Longley 1994) have a-
erage residence times of about 20 d.

Unfortunatdly, estuarine residence time is re-
ported much less often than resdence time for
freshwater because it can only be calculated usng
asmulation approach. Thisresidence time, which
has the useful property of reflecting the flushing
ratefor the averagewater parcel in theestuary, had
amedian vadue o 25 d for the Patuxent River es-
tuary. The fact that estuarine residence time was
best predicted by Q’, rather than Q, (Fig. 7) in-
dicates that for much of Patuxent River estuary,
factors affecting the two-way exchange with Ches-
apeake Bay determined flushing rates more t han
freshwater flow. Thisimplies that water qudity ef-
fects associated with nutrient enrichment in high
flow years may not be offset by greater flushing
rates, offering an explanation for the unusualy
good, but region-specific, relationships observed
between middle Patuxent River estuary water qual-
ity and Patuxent River flow (Hagy 1996).

Other residence times besides that for frehwa:
ter reflect the different periods of retention for
water parcels originating at different pointsin the
estuary. Resdence times decre ed as the tracer
origin was moved closer to the mouth of the es
tuary, as implied by the definitions used. If PRT
bardy exceeds PRT,, a rapidly flushed upper es
tuary isindicated but if PRT, bardly exceeds PRT;
and PRT; greatly exceeds PRT,, a domMy flushed
upper estuary and argpidly flushed lower estuary
is indicated. These differencescan haveimportant
effectson water qudity distributions (Hagy 1996).
The model sshow that these differencesari se from
thelack of correlation between river flow and grav-
itation circulation.

The down-estuary increase in the importance of
sdine inflow reldive to Patuxent River flow (Fg.
8), combined with the lack of correlation of these
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circulation components creates seasondly and spa
tially varying patterns of flushing in the Patuxent
River estuary. Given the seasond differencesin the
relative magnitudesof river flow and sdineinflow,
a seasond aternation of likdy retention zonesin
the estuary occurs. Spedificdly, particlesand dis
0lved materidlsare more likdy to be retained in
the upper estuary during summer and fall when
river flow is low and in the lower basin when ex-
changewith Chesapeake Bay is minimal duringthe
spring. Although confounded by biologica pro-
cesses, these patternsar e reflected dramaticdly in
water qudity patterns (Hagy 1996), suggesting im-
portant biologica-physica couplings.

Summary

Bax models ar e an effectiveway to estimate bulk
physcd exchangesand residence timesusing fre-
quently available or eadly collected data sets. The
moded equationscan be solved only if the seriesof
st and water baance equations can be reduced
to an equal number of equations and unknown
quantities. Thisissmple for an unstratified estu-
ay, but required a simplifying assumption in this
cax= Incorporation of additiona terms in the
model equationsreflecting the time-rate-of-change
of sdinity was an important improvement to the
box modeling methodology that enabled ssason-
gpecific circulation estimates to be made where
steady-state salinity cannot be assumed. Good edti-
mates of avariety of residence times can be eadly
cdculated using transport estimates obtai ned from
such box model smulations. For the Patuxent Riv-
er estuary, these estimates were wdl predicted by
river flow, sdline inflow, or both. Changes in the
rdaive importance of these wo factorsin differ-
ent regions of the estuary indicated an important
feature of thecirculation of Patuxent River estuary
that appear to be reflected in its ecologica re-
gponses to nutrient enrichment.
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